The aim of this study was whether quercetin induces cell death by caspase and MAPK signaling pathway in EGFR mutant lung cancer cells Methods: PC-9 cells, EGFR mutant lung cancer cells, were treated various times and concentrations of quercetin and harvested and measured using MTT assay, DNA fragmentation, Western blotting, and FACS analysis. Results: Treatment with quercetin in PC-9 cells resulted in inhibition of cell growth through apoptosis. Quercetin-induced apoptosis was associated with caspase-dependent manner. Quercetin also significantly increased levels of phosphor-p38 and decreased levels of phosphor-ERK, indicating that quercetin induces p38 MAPK signaling pathway in PC-9 cells. Quecetin treatment also generated the release of cytochrome c in PC-9 cells; however, pretreatment with rotenone or z-LEHD-fmk, significantly attenuated quercetin-induced apoptosis. Conclusions: Our data indicate that quercetin exhibits EGFR mutant lung cancer effects through apoptosis by caspase dependent and mitochondrial pathway.
Quercetin is a compound found in various plants including fruits, vegetables and green tea.
Quercetin can play a role as an antioxidant or a prooxidant depending on the concentration. 3, 4 Quercetin had been studied for its pharmacological effects on inflammation, atherosclerosis, hypertension and neurodegeneration. [5] [6] [7] [8] [9] Quercetin has been reported to have a role as a preventive and therapeutic agent in various tumors. [10] [11] [12] [13] [14] [15] [16] Quercetin is known to induce apoptosis in cancer cells and inhibit cell growth by suppressing activities of various enzymes. 17, 18 In order to find the biochemical mechanism for the anti-cancer effect of quercetin we investigated changes in protein expression related to cell proliferation inhibition and apoptosis in PC-9
human lung cancer cells and found that quercetin induced apoptosis through a caspase-dependent and p38 MAPK pathway. 
MATERIALS AND METHODS

MATERIALS
Study Method
1) Cell MTT Assay
To measure the degree of cell proliferation inhibition during quercetin treatment, PC-9 cells were aliquoted into 96 well plates and incubated at differing treatment times of quercetin at the titer. After incubating with MTT reagent at 0.5 mg/mL concentration for 2 hours, the medium was removed and DMSO was aliquoted by 0.1 mL. After dissolving all formazan formed in the well, the absorbance was measured at 540 nm using an ELISA reader (Molecular Devices, Sunnyvale, CA, USA).
2) Flow cytometry analysis for cell apoptosis measurement
To analyze the degree of apoptosis, cells were washed twice with PBS, 1×binding buffer was added and the cells were treated with annexin V-FITC. Cells were stained at room temperature in the dark for 20 minutes and analyzed using FACS.
3) DNA Fragmentation Analysis
In order to observe apoptosis induced DNA M NaCl were added to this and it was incubated overnight at 4℃. The pellet was separated using centrifugation and was washed with 70% ethanol.
The pellet was dissolved in distilled water with an appropriate amount of RNase A, mixed with gel loading dye and electrophoresed on a 1.5% agarose gel at 50 V for 1 hour and stained with ethidium bromide (EtBr) and observed under the ultraviolet (UV).
4) Protein Separation, Electrophoresis and Western Blot Analysis
The 
5) Statistical analysis
Data was represented as the mean ± standard deviation. In order to find out whether there is any difference in the survival rate in the cell differences between control cells and cells treated with various concentrations of quercetin, they were analyzed using Student's t-test.
RESULTS
PC-9 Cell Proliferation and Apoptosis by Quercetin Treatment
To determine the effect of quercetin on PC-9 lung cancer cell proliferation, cells were incubated with quercetin at various titers (25 uM ~ 100 uM) for 24hr and 48hrs and an MTT assay was performed. Figure 1A shows the results of the MTT assay and the inhibition of PC-9 cell proliferation under the quercetin treatment concentrations for these time periods. 100 uM quercetin treatment resulted in more than 60% inhibition of proliferation after 24 hours and this inhibition was confirmed by microscopy ( Fig. 1A) .
To 
Quercetin treatment induces apoptosis caused by caspase-dependent activity
To find out which cellular pathway mediates quercetin-dependent apoptosis, PC-9 cells were treated with quercetin at various concentrations and times, and caspase activities were measured using Western blot. As a result, it was confirmed that quercetin induced caspase-3, caspase-8 and caspase-9 mediated fragmentation all in a concentration and time-dependent manner.
Additionally, fragmentation of PARP-1, a substrate of caspase-3, was observed ( Fig. 2A and   2B )., In order to find out if the activation of caspase plays an important role in apoptosis induced by quercetin, apoptosis was examined by treating cell with the pan-caspase inhibitor Z-VAD-fmk.
The results showed that the apoptosis was inhibited by Z-VAD-fmk (Fig. 2C ). These results demonstrate that the quercetin-mediated apoptosis in PC-9 cells was dependent on caspase-3.
Effect of the MAPK Pathway By Quercetin
To investigate whether the MAPK pathway was 
Effect on Mitochondrial Damage by Quercetin
The pathways to activate the caspase that is important in apoptosis include an extrinsic pathway through activation of apoptosis receptor and an intrinsic pathway through mitochondrial damage. Apoptosis by quercetin was determined to operate through a caspase-dependent pathway as shown in Figure 2 . And, among reactions by p38 MAPK activation, it is known that ROS production is activated by mediating mitochondria.
To examine the effect of quercetin on mitochondria, cytoplasmic levels of cytochrome cwere measured in cells treated with quercetin. A concentration-dependent increase in cytochrome cexpression was observed in the cytoplasm of cells treated quercetin (Fig. 4A) . The mitochondrial damage caused by quercetin releases cytochrome cinto the cytoplasm where it induces for- to identify apoptosis by quercetin, it was confirmed that fragmentation was produced dependent on time and concentration of quercetin treatment. Since caspase activity is known to be a major factor in apoptosis, the increases of vari-ous caspase-8, caspase-9 and caspase-3 activities were observed. Also, pan-caspase inhibitor (Z-VAD-fmk) was used to find out whether this is caspase dependent (Fig. 2) . We observed how the expression of the MRPK family, a major signal transduction pathway in cells, affects cells treated with quercetin. p38 MAPK phosphorylation increased in a time and concentration dependent manner, indicating that it was involved in intracellular signaling by quercetin. However, p-ERK phosphorylation decreased in a time dependent manner, and there were no changes in p-JNK phosphorylation (Fig. 3) . The decrease of p-ERK phosphorylation is involved in the inhibition of cell proliferation and the increase of p38 MAPK phosphorylation is known to be due to the intracellular ROS signal. 21, 22 External damage and stress causes a dysfunction of mitochondria and consequently, it is known to activate caspase proteins and cause cell death by apoptosis. 23 Cellular stress increases the permeability of the mitochondrial membrane and releases factors such as cytochrome c that induce the activation of caspase-9 proteins, activating the intrinsic apoptosis pathway. 24 Therefore, the apoptosis induced by quercetin increases intracellular ROS production by p38
MAPK signaling, which is caused by mitochondrial damage, and caspase-9 activity is induced by the release of cytochrome c from the mitochondria and this pathway enhances apoptosis (Fig. 4) .
Based on the above results, the inhibition of PC-9 cell proliferation induced by quercetin showed that direct cell death caused by apoptosis and mitochondria mediated apoptosis occurred simultaneously. As a result of this study, p38 MAPK signaling by quercetin acts crucially as an initial factor of intracellular apoptosis in PC-9 cells.
